The de novo purine biosynthetic pathway relies on six enzymes to catalyze the conversion of phosphoribosylpyrophosphate to inosine 5′-monophosphate. Under purine-depleted conditions, these enzymes form a multienzyme complex known as the purinosome. Previous studies have revealed the spatial organization and importance of the purinosome within mammalian cancer cells. In this study, time-lapse fluorescence microscopy was used to investigate the cell cycle dependency on purinosome formation in two cell models. Results in HeLa cells under purine-depleted conditions demonstrated a significantly higher number of cells with purinosomes in the G 1 phase, which was further confirmed by cell synchronization. HGPRT-deficient fibroblast cells also exhibited the greatest purinosome formation in the G 1 phase; however, elevated levels of purinosomes were also observed in the S and G 2 /M phases. The observed variation in cell cycle-dependent purinosome formation between the two cell models tested can be attributed to differences in purine biosynthetic mechanisms. Our results demonstrate that purinosome formation is closely related to the cell cycle. 
The de novo purine biosynthetic pathway relies on six enzymes to catalyze the conversion of phosphoribosylpyrophosphate to inosine 5′-monophosphate. Under purine-depleted conditions, these enzymes form a multienzyme complex known as the purinosome. Previous studies have revealed the spatial organization and importance of the purinosome within mammalian cancer cells. In this study, time-lapse fluorescence microscopy was used to investigate the cell cycle dependency on purinosome formation in two cell models. Results in HeLa cells under purine-depleted conditions demonstrated a significantly higher number of cells with purinosomes in the G 1 phase, which was further confirmed by cell synchronization. HGPRT-deficient fibroblast cells also exhibited the greatest purinosome formation in the G 1 phase; however, elevated levels of purinosomes were also observed in the S and G 2 /M phases. The observed variation in cell cycle-dependent purinosome formation between the two cell models tested can be attributed to differences in purine biosynthetic mechanisms. Our results demonstrate that purinosome formation is closely related to the cell cycle.
purinosome | de novo purine biosynthesis | cell cycle | metabolism | fluorescence microscopy E nzymes have been shown to form clusters in a cell to regulate metabolic processes (1) (2) (3) . More recently, the concept of multienzyme complexes has been expanded to include mesoscale protein assemblies that appear to be substantially larger than a single protein (4) . Depending on the metabolic or developmental state of the cells, these types of protein clusters range from transiently associated to very rigid and well defined (4) . Examples of such enzyme clusters include the EF-Tu cytoskeleton, RNA degradosome, CTP synthase, carboxysomes, and nucleolus (5) (6) (7) (8) (9) .
In humans, purine nucleotides are synthesized by two different mechanisms. The first mechanism, de novo purine biosynthesis, converts phosphoribosylpyrophosphate (PRPP) to inosine 5′-phosphate (IMP) in 10 highly conserved steps catalyzed by six enzymes. These six enzymes include one trifunctional enzyme (TrifGART: GARS, GART, and AIRS domains), two bifunctional enzymes (PAICS: CAIRS and SAICARS domains; ATIC: AICART and IMPCH domains), and three monofunctional enzymes (PPAT, FGAMS, and ASL). ASL is also necessary for the conversion of IMP to AMP and may be classified as bifunctional (10) . The second mechanism uses nucleotide salvage pathways to either phosphorylate a nucleoside (e.g., thymidine kinase) or add a purine base to ribose 5′-phosphate to regenerate the respective monophosphate. For example, hypoxanthine/ guanine phosphoribosyl transferase (HGPRT) catalyzes the conversion of hypoxanthine to IMP and the conversion of guanine to guanosine 5′-phosphate (GMP). The de novo pathway is more energy-intensive, with the synthesis of 1 mole of IMP requiring 5 moles of ATP. Therefore, the salvage pathway is the preferred pathway for purine biosynthesis. Cells deficient in HGPRT, such as those that exhibit a Lesch-Nyhan disease (LND) phenotype, rely primarily on the de novo purine biosynthetic pathway to generate purine nucleotides (11) (12) (13) (14) (15) .
Recently, enzymes in the de novo purine biosynthetic pathway were shown to organize and reversibly assemble into punctate cellular bodies known as "purinosomes" under purine-depleted conditions (16) . Further investigations into the organization of the purinosome showed that several of the enzymes form a core structure (PPAT, TrifGART, and FGAMS), whereas others appear to interact peripherally (PAICS, ASL, and ATIC) (17) . The presence of this protein assembly and its putative function(s) clearly suggest that the spatial organization of pathway enzymes into purinosomes within a cell play an important role in meeting the cellular demand for purines (18) . Although many studies have implied up-regulation of the de novo purine biosynthetic pathway during cell cycle progression (14, (19) (20) (21) , here we used time-lapse microscopy to determine whether a correlation exists between the cell cycle stage and the number of cells with purinosomes or the cells' purinosome content. Two different cell types, HeLa and LND cells, were used, with the latter deficient in purine salvage, to assess the effect of increased demand on the de novo pathway for purine biosynthesis and the attendant consequences for purinosome assembly.
Results

Purinosome Formation in HeLa Cells in Different Phases of the Cell
Cycle. In previous studies, we demonstrated reversibility, characterized the approximate spatial organization of the proteins, and identified putative signaling pathways for the purinosome at steady state (17, 18, (22) (23) (24) . Many cellular processes, including metabolism, undergo significant changes as the cells progress through the cell cycle (15, 20, 25, 26) . Cells' nutrient and energy needs vary as they prepare for growth (G 1 ), duplicate their genetic materials (S), get ready for division (G 2 ), and divide (M). Given that HeLa cells have an approximate doubling time of
Significance
We show that the assembly/disassembly of the purinosome is cell cycle-dependent and correlates with cellular demands for purine biosynthesis encountered during the cell cycle. The number of purinosome-containing cells fluctuates: it peaks in G 1 phase in HeLa cells cultured under purine-depleted conditions, but remains high across G 1 , S, and G 2 /M phases in fibroblasts incapable of purine salvage owing to a deficiency in hypoxanthine-guanine phosphoribosyltransferase. Thus, purinosome function is a cellular biomarker for increased metabolic flux through the de novo purine biosynthetic pathway in response to cellular purine requirements. 24 h, we anticipated that these cells would be in different phases of the cell cycle over the time course studied.
To establish how purinosome formation might vary in different phases of the cell cycle, we captured representative images of purinosome-negative and -positive HeLa cells in different phases of the cell cycle (Fig. 1A) . By quantifying the fluorescence intensity of Vybrant DyeCycle staining, we determined the phase of the cell cycle for each set of cells imaged at 12, 18, or 24 h posttransfection (Figs. S1 and S2). At each time point, 150 cells were selected at random, measured, and classified based on their cell cycle status (Fig. 1B) . During the time frame studied, the number of cells in G 1 phase decreased. The purinosome-positive cells in G 1 , S, and G 2 /M phases of the cell cycle were ∼60%, 25%, and 15%, respectively, of the total number of purinosomepositive cells independent of the time points studied (Fig. 1C) . This observation is consistent with the changing metabolic requirements of the cell as it prepares to grow and duplicate its genetic material (20) , and provides the first direct evidence of a strong correlation between cell cycle stage and the number of purinosome-containing cells.
Synchronization of HeLa Cells in G 1 Phase. To confirm that purinosomes form in the cells predominately at G 1 phase, HeLa cells were synchronized during G 1 phase with dibutyryl-cAMP (DBcAMP), and the number of purinosome-containing cells was determined. Under these conditions, a 3.8-fold increase in purinosome-positive cells was observed (Fig. 1D ). To address whether the increased purinosome content was related to an increase in cellular stress introduced by DB-cAMP, we monitored the formation of stress granules in synchronized cells at G 1 phase under the same conditions. RasGAP-associated endoribonuclease G3BP-GFP was used as the stress granule marker in the control experiment (27, 28) . We observed only a 1.2-fold increase in stress granule formation in cells treated with DB-cAMP (Fig. 1E) . Images of HeLa cells transfected with FGAMS-GFP and G3BP-GFP also revealed the morphological differences between the two types of markers (Fig. S3) . Thus, the increase in number of purinosome-positive cells at the G 1 phase is not the result of extra stress on the cells.
Temporal Analysis of Relative Purinosome Formation in HeLa Cells.
To gain additional insight into the relationship between purinosome formation and the cell cycle, we investigated the temporal aspects of relative purinosome formation in HeLa cells from 5 h to 26 h posttransfection. Cell cycle analysis demonstrated that on this time scale, HeLa cells should be progressing through various stages of the cell cycle (Fig. 1B) . Relative purinosome formation is defined as the number of purinosomepositive cells over the total number of transfected cells at a given time point. The number of purinosome-positive cells was determined based on a random sampling of 100 cells. Purinosome formation increased steadily, reaching a maximum at 12 h, and then diminished to ∼20% of the maximum at 26 h ( Fig. 2A) . The percentage of the cells in different cell cycle phases was also evaluated at 12, 18, and 24 h. The drop in the relative amount of purinosome-positive cells was correlated with progression of the HeLa cells into the S and G 2 /M phases. Purinosome Formation Is Not a Function of Protein Expression. We performed Western blot analysis to identify any correlation between FGAMS-GFP expression and the relative amount of purinosome-positive cells. Statistical analyses of the protein expression levels of FGAMS-GFP and endogenous FGAMS showed that the FGAMS-GFP expression level reached a maximum at 18 h posttransfection and remained constant thereafter (Fig. 2 B  and C) . Statistical analyses of endogenous FGAMS expression also remained constant throughout the time course, indicating that overexpression of FGAMS-GFP did not alter the endogenous level of the protein (n = 3).
To confirm that the expression of the other enzymes in the de novo purine biosynthetic pathway was not altered posttransfection, we also monitored the endogenous protein expression level of the five remaining enzymes. A shown in Fig. 2D and Fig. S4 , the protein expression levels of the members enzymes remained constant over the time course studied.
We performed single-cell analysis to evaluate the total fluorescence intensity in cells with and without purinosomes under a purine-depleted condition. No difference in the average fluorescence intensity per cell was observed between cells classified as purinosome-negative and those classified as purinosomepositive (Fig. S5) . This result suggests that highly fluorescent cells (correlated with high protein expression of FGAMS-GFP) do not show a higher propensity to form purinosomes. Therefore, the formation of purinosome in the cells is not governed by protein expression level.
Purinosome Characterization in Cell Models. We used an LND fibroblast model to evaluate the influence of the parallel salvage pathway in HeLa cells on purinosome appearance and levels in the phase of the cell cycle. These LND cells are HGPRT-deficient and rely primarily on the de novo purine biosynthetic pathway to meet purine demand.
To properly classify purinosome-containing cells in the two cell models used for this study, we performed the basic morphological characterization of purinosomes in both HeLa and LND cells. We chose the average size and number of purinosomes in a given cell as the physical criteria to distinguish purinosomes from other cellular bodies. Purinosome diameter varied between 0.2 and 0.9 μm, with an average of 0.56 ± 0.16 μm in HeLa cells (Fig. 3) . The median number of purinosomes inside purinosome-positive HeLa cells was 278 (Fig. 3) . We found no correlations between fluorescence intensity in a purinosomepositive cells and the average size and number of purinosomes in that cell (Fig. S6) . For added measure, we evaluated the spatial organization of purinosomes in cells using superresolution stochastic optical reconstruction microscopy (STORM) (29) . The size distribution in HeLa cells detected using STORM was consistent with previous observations (Fig. 3 and Fig. S7 ).
Finally, we subjected nontransfected fixed LND cells to immunofluorescence imaging of the enzymes ASL and FGAMS, which demonstrated their clustering into purinosome punctates (Fig. S8) . In LND cells, the average diameter of purinosomes was 0.41 ± 0.11 μm, and the median number of purinosomes inside LND purinosome-positive cells was 235. The results show that purinosomes formed in LND cells are of similar size and number distribution as those formed in HeLa cells (Fig. 3) . Therefore, the results are in accordance with the observation of the same cellular body, the purinosomes, in both cell types.
Cell Cycle Dependency of HGPRT-Deficient Cells. LND fibroblast cells were transfected with FGAMS-GFP, and representative images of purinosome-positive cells in different phases of the cell cycle were acquired (Fig. 4A) . The phases of the cell cycle were determined for each set of cells imaged at 18, 24, and 36 h posttransfection. We evaluated the cell population in different phases of cell cycle shift after 24 h posttransfection (Fig. 4B) . Similar to HeLa cells, in LND cells the majority of purinosome formation was observed in the G 1 phase of the cell cycle (45% for LND vs. 60% for HeLa); however, higher proportions of purinosome-positive LND cells were observed in the S and G 2 /M phases (30% and 25%, respectively, for LND vs. 25% and 15% for HeLa) (Figs. 1C and 4C) .
In addition, we investigated the average size and number of purinosomes per cell in different cell cycle phases in both HeLa and LND fibroblast cells. Fig. S9 A and B illustrates the distribution of the average size of purinosomes in the three phases of the cell cycle, and Fig. S9 C and D shows the number of purinosomes per cell. No correlation between the average size and number of purinosomes per cell was observed across the different phases of the cell cycle (Fig. S9) .
Discussion
Previous findings have demonstrated that de novo purine biosynthesis is closely related to the cell cycle (19, 20, 25, (30) (31) (32) (33) . Studies of other enzyme complexes have suggested that the assembly or disassembly of an enzyme cluster may be correlated with cellular events, such as developmental cues or metabolic states of the cell (33); for example, the replitase, a six-enzyme complex involved in DNA replication, has been shown to exist only during S phase (34) . In the present study, we aimed to understand purinosome formation as a function of the cell cycle phases. Through the use of time-lapse fluorescence microscopy, we observed that HeLa and fibroblast cells had the highest number of purinosome-positive cells in the G 1 phase of the cell cycle ( Fig. 1 C and D) . The de novo purine biosynthetic pathway is the predominant pathway in G 1 phase when purine demand for the cells is highest (19) . This observation further supports our hypothesis that purinosomes are assembled to meet the cellular demand for purines via the de novo biosynthetic pathway.
The proportion of purinosome-positive cells in HeLa cells dropped after 12 h posttransfection ( Fig. 2A) . Our Western blot data suggest that this decrease is not related to the degradation of FGAMS-GFP or to changes in endogenous protein expression levels (Fig. 2) . Furthermore, we observed a decrease in the percentage of purinosome-positive cells in the S and G 2 /M phases (Fig. 1C) . We attribute the decline shown in Fig. 2A to a shift in the population of cells out of the G 1 phase. This shift underscores the reversibility of purinosome assembly.
In this study, HeLa cells were grown and maintained in a purine-depleted condition. Extracellular purine depletion exacerbates the dependency on the de novo purine biosynthetic pathway, owing to a lack of free nucleosides that normally would promote salvage pathway use (14, 15, 17, 25, 31) . As a result, more purinosome-positive cells are observed in the G 1 phase when the purine demand is highest. However, once purines are produced by the cells using the de novo pathway, HeLa cells can leverage the salvage pathway to recycle the purines thus generated. As the purine demand decreases throughout the cell cycle, recycled purines are sufficient for cell growth. This would account for the decrease in purinosome-positive cells in S and G 2 /M phases of the cell cycle.
Compared with HeLa cells, higher percentages of purinosomepositive LND cells were maintained in the S and G 2 /M phases (Fig. 4C) . This difference can be attributed to the fact that LND cells rely primarily on the de novo pathway to meet intracellular purine demand (13, 35) . Thus, LND cells provide support to justify our hypothesis that purinosome formation correlates with enhanced reliance on the de novo purine biosynthetic pathway.
Future studies will focus on understanding the variability in the size of purinosome punctates as a consequence of changes in their enzyme composition. Although to date at least six enzymes as well as Hsp70/90 have been identified in the purinosomes, the size of the punctate suggests that they are present in multiples. Other, as-yet unknown proteins may be involved as well. One advantage of enzyme clustering is to accelerate the processing of pathway intermediates and differs from direct channeling (36) . Another advantage is that the clusters act as delivery or receptor vehicles. The results of the work detailed herein will provide valuable tools to facilitate these future investigations. 
Materials and Methods
Cell Culture. HeLa cells were obtained from the American Type Culture Collection, maintained in MEM, and transitioned for 1 wk into purine-depleted medium [RPMI 1640 with 5% (vol/vol) dialyzed FBS] as described previously (16) . LND fibroblasts were provided by Dr. H. A. Jinnah (Emory University, Atlanta, GA) and maintained in high-glucose DMEM (Life Technologies) supplemented with 2 mM glutamine and 15% (vol/vol) FBS (Invitrogen).
Plasmids for Transient Transfection. Plasmids of FGAMS-GFP and FGAMSmEos2 were constructed as described previously (16) . G3BP-GFP was a generous gift from Dr. Jamal Tazi Cell Synchronization. To synchronize the cells at the G 1 phase, 0.5 mM of DBcAMP (Sigma-Aldrich) was added to the cell culture medium at 5 h after transfection of FGAMS-GFP or G3BP-GFP and incubated for an additional 18 h. Medium containing DB-cAMP was exchanged with purine-depleted medium without phenol red before imaging. A total of 50 cells were selected at random, and the number of cells containing purinosomes or stress granules was determined with and without synchronization.
Western Blot Analysis of Purinosome Enzymes. After the transfection of FGAMS-GFP, cell lysates were prepared using M-PER mammalian protein extraction reagent (Thermo Scientific) at different time points. SDS/PAGE was performed on the extracted protein (20 μg/lane), followed by transferrence to a PVDF membrane, probing, and detection by chemiluminescence (Millipore). Primary antibodies for the six purinosome enzymes were purchased from either Abcam or LifeSpan Biosciences. HRP-conjugated secondary antibodies were purchased from Santa Cruz Biotechnology. Quantification of protein expression levels from Western blot analyses was performed with the Bio-Rad ChemiDoc XRS+ system.
Single-Cell Analysis. Cell cycle status was determined using Vybrant DyeCycle (Life Technologies) according to the manufacturer's protocols. Fluorescence microscopy images were captured using the DAPI filter channel. The intensity in the cell with two nuclei served as a reference for the G 2 /M phase of the cell cycle. A cell in the G 1 phase of the cell cycle was characterized as having one-half of the reference fluorescence intensity. Any cell with a fluorescence intensity falling between the G 1 and G 2 /M phases was classified as being in S phase. Purinosome density was defined as the number of purinosomes per cell, and purinosome size was defined as the average size within a single cell. More details are provided in SI Materials and Methods.
Immunofluorescence Imaging of Fixed Cells. A total of 3.4 × 10 4 LND fibroblast cells were plated on a 35-mm 2 glass-bottom plate (MatTek) and incubated at 37°C (5% CO 2 ) for 16 h. Adherent cells were fixed with freshly prepared 4% (vol/vol) formaldehyde (Electron Microscopy Sciences) prepared in 1× Dulbecco's PBS (Corning) for 10 min in the dark at room temperature, and then permeabilized with 0.2% (vol/vol) Triton X-100 prepared in 1× Dulbecco's PBS for 10 min at room temperature. Cells were blocked with 5% (vol/vol) normal goat serum (Jackson ImmunoResearch) for 30 min at room temperature. Primary antibodies for ASL (Santa Cruz Biotechnology; catalog no. sc-365623) and FGAMS (Bethyl Laboratories; catalog no. A304-218A) were directly labeled using Lightning-Link antibody conjugation kits (Novus Biologics) with Atto488 and Cy3, respectively. Cells were stained with a 1:100 (vol/vol) dilution of Atto488-labeled PPAT antibody or Cy3-labeled FGAMS antibody for 2 h at room temperature in the dark. All antibody dilutions were performed in 1× Dulbecco's PBS. Cells were washed 3 × 2 mL with 1× Dulbecco's PBS and placed into HBSS before imaging. Imaging was performed with a 60× Nikon Apo TIRF oil immersion objective (Nikon) using a S484/15x excitation filter and a S517/30m emission filter for Atto488 detection and a S555/25x excitation filter and a S605/40m emission filter for Cy3 detection (Chroma Technology). Images were analyzed in ImageJ.
STORM. HeLa cells were transiently transfected with FGAMS-mEos2 (FGAMS linked to photoactivatable fluorescent proteins; mEos2) under the aforementioned conditions. STORM was performed on fixed cells at 18 h posttransfection. Purinosome size was determined by analysis algorithms as described previously (29) .
